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Abstract

Mechanoluminescent (ML) materials that directly convert mechanical energy

into photon emission have emerged as promising candidates for various appli-

cations. Despite the recent advances in the development of both novel and con-

ventional ML materials, the limited access to ML materials that simultaneously

have the attributes of high brightness, low cost, self-recovery, and stability, and

the lack of appropriate designs for constructing ML devices represent significant

challenges that remain to be addressed to boost the practical application of ML

materials. Herein, ML hybrids derived from a natural source, waste eggshell, with

the aforementioned attributes are demonstrated. The introduction of the eggshell

not only enables the preparation of the hybrid in a simple and cost-effective man-

ner but also contributes to the homochromatism (red, green, or blue emission),

high brightness, and robustness of the resultant ML hybrids. The significant prop-

erties of the ML hybrids, together with the proposed structural design, such as

porosity or core–shell structure, could expedite a series of mechanic-optical

applications, including the self-luminous shoes for the conversion of human

motions into light and light generators that efficiently harvest water wave

energy. The fascinating properties, versatile designs, and the efficient proto-

col of “turning waste into treasure” of the ML hybrids represent significant
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advances in ML materials, promising a leap to the practical applications of

this flouring material family.
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1 | INTRODUCTION

Stimuli-responsive materials (SRMs), whose characteristics
can be switched using an external stimulus such as electric-
ity, light, heat, and mechanical energy, underpin emerging
technologies ranging from sensors, actuators, generators, to
energy harvesters.1,2 In particular, as a class of SRMs with a
long history, inorganic mechanoluminescent (ML) mate-
rials that can repeatedly convert mechanical energy into
photon emission with excellent performances have been
re-emerging for their potential applications in sensing,3–6

displays,7–12 and as special light sources.13,14 During the
last decade, many endeavors have been dedicated to the
development of new ML materials with different lantha-
nide ions paired with different substrates for realizing
versatile ML emissions.15 For example, the Pr3+-doped
LiNbO3 exhibits red ML emission without a strain
threshold16; the Pr3+- and Er3+-doped NaNbO3 exhibits
the multimode emissions17,18; and the Nd3+-doped
Sr3Sn2O7 shows a near-infrared ML emission.19–21 Mean-
while, significant progress has been made in the renewed
utilization of certain conventional ML materials such as
transition-metal-doped ZnS. For example, Pan et al.
developed an electronic signature device based on ZnS
ML materials annealed in vacuum3; Jeong et al. demon-
strated the wind-driven displays by incorporating ZnS
into PDMS pillars22; Hao et al. obtained the active ML
emissions by coupling ZnS powder with either an elec-
tronic field or a magnetic field23,24; Song et al. reported a
skin-driven ML stickers using SiO2-enhanced ZnS mate-
rials25; Hong et al. demonstrated the ultrasonically driven
ML emission of nanosized ZnS for minimally invasive
optogenetic neuromodulation.26,27 In addition, our group
has previously demonstrated tunable ML emission across
the full visual spectrum using CaZnOS, which has Ca sites
that are suitable for the doping of almost all lanthanide

ions (>10 types).28,29 Despite these achievements, the prac-
tical implementation of ML materials still encounters many
challenges and lags behind the discovery of materials
themselves. This can be ascribed to the limited access to
ML materials that simultaneously have the attributes of
high brightness, low cost, self-recovery, and stability, as
well as the lack of appropriate architectural designs the
targeted applications.

Herein, we demonstrate high-performance ML
hybrids with the corresponding structural designs for
energy-related applications such as the mechanical
energy-to-light conversion of human motions and blue
energy harvesting. Innovatively, in this study, we utilized
eggshell wastes as the raw material for the simple and
mass production of ML hybrids composed of ZnS and
CaZnOS with a series of advantages: (i) the three primary
color emissions, namely, red (R), green (G), and blue (B),
originating from the abundantly available activators
incorporated into the cation sites of both ZnS and
CaZnOS in the hybrid, in which the reproducible deep
blue ML with the peak wavelength of 420 nm is realized
from this system for the first time. (ii) A self-recoverable
and intense ML emission because of the efficient charge
transfer and recombination owing to the energy band off-
set at the interface of the hybrid. (iii) High stability
against water and ethanol owing to the intrinsic resis-
tance of the oxysulfides to water and ethanol, as well as
the interface lattice strain between ZnS and CaZnOS.
(iv) A simple and efficient synthetic method that does not
require high vacuum or reduced atmosphere profiting
from the oxygen-embedded nature of the oxysulfides.
Most importantly, using this ML hybrid, a self-powered
sen-memory panel and a self-luminous sponge with
the porous structure were designed for the mechanical
energy-to-light conversion using human motions.
Further, an in situ growth strategy of ML hybrid@ZrO2
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core–shell beads was developed for the assembly of a
light generator for the efficient harvesting of water wave
energy. This work provides a concise approach to the
realization of high-performance ML materials with a
designed architecture, promising their practical applica-
tions in smart displays and wearable devices via mechan-
ical energy utilization, and simultaneously turning waste
into treasure.

2 | RESULTS AND DISCUSSION

2.1 | Eggshell-assisted synthesis of ML
hybrids

The global food processing industry consumes an esti-
mated one billion eggs per day,30 and a large volume of
eggshells is discarded as wastes due to the lack of an

FIGURE 1 Eggshell-assisted synthesis of the ML hybrids. (A) A photograph of the eggshells used for the synthesis of the ML hybrids.

(B) The EDS spectrum of the eggshells showing the preponderant composition of calcium carbonate. Inset shows the SEM image of the

eggshell with the distributed circular pores. (C) The XRD patterns of the as-synthesized eggshell powder and the commercial calcium

carbonate powder, showing the unanimous diffraction peaks that are well indexed to the standard one. (D) The XRD patterns of the

optimized ML hybrids, whose diffraction peaks are well indexed to the standard ones of either CaZnOS or ZnS. (E) The ML spectra of the

optimized ML hybrids as a function of the applied forces. (F) The integral emission intensity from 500 to 750 nm and the corresponding

emission images of the optimized ML hybrids under different forces. (G,H) The XRD patterns and ML spectra of the optimized ML hybrids

before and after immersing in water and ethanol for 1 month, which do not show obvious difference. (I) The ML intensity of the optimized

ML hybrids as stress of 40 N is applied repeatedly. (J) The color regulation achieved by mixing the three-primary color ML hybrids of Mn-,

Pr-, and Pb-doped ZnS-CaZnOS with the different weight ratio
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efficient approach to utilize them. Eggshells are generally
disposed of in landfills, leading to odor production and
microbial growth; they thus pose the risk of environmen-
tal pollution and pathogen propagation. Therefore, the
development of a suitable approach for converting egg-
shells into valuable materials is indispensable for achiev-
ing environmental and economic benefits. In this study,
eggshells with a porous structure and preponderant com-
position of calcium carbonate (Figure 1A,B) were col-
lected from the local market and processed into the
eggshell powder (see Section 4 for details). The eggshell
powder exhibited an x-ray diffraction (XRD) pattern that
agreed well with that of the commercial calcium carbon-
ate powder (Figure 1C). The eggshell powder was utilized
in conjunction with the ZnS powder and the
corresponding dopant (Mn is selected here as an exam-
ple) for the high-temperature solid-state synthesis of ML
hybrids (see Section 4). Specifically, the weight ratio of
eggshell to ZnS powder was varied to obtain biphasic
CaZnOS–ZnS hybrids, as determined by XRD analyses
(Figure 1D); the diffraction peaks of the hybrids could be
indexed well to the standard peaks of CaZnOS (PDF
#01-072-3547) and ZnS (PDF #36-1450). The particle size
of the ML hybrids was found to be distributed in the
range of 1–6 μm (Figure S1). The segregation of calcium
and zinc, as indicated by the energy-dispersive x-ray spec-
troscopy (EDS) mapping image (Figure S2), and the origi-
nation of two distinct emission colors from a single ML
particle, as observed in the fluorescence microscope
images (Figure S3), further confirmed the biphasic nature
of the ML hybrids. The x-ray photoelectron spectroscopy
(XPS) spectra of the ML hybrids suggested the incorpora-
tion of Mn into the hybrids with the bonding states of
Mn 2p (Figure S4). The transient photoluminescence
decay curves of the ML hybrids revealed that the Mn was
distributed in both the CaZnOS and ZnS phases, as deter-
mined by the different delay lifetimes of 615 nm and
580 nm emissions, respectively (Figure S5).

The light-emitting performance of the ML hybrids is
highly dependent on the molar ratio of the CaCO3 to ZnS
in the raw materials, as well as the doping concentration
of Mn, as presented in Figure S6. The CaCO3 content in
the eggshell powder was estimated to be 90 wt%, and the
doping concentration of Mn ranged from 0.2 to 5 mol%
with respect to CaCO3. The ML hybrid with a CaCO3:ZnS
ratio of 1:2 and a doping concentration of 1 mol% dis-
played the optimal ML emission intensity, ascribing to
the enlarged area of the heterogeneous interface between
CaZnOS and ZnS and the immune concentration
quenching effect in the hybrid.29 The emission intensity
of the optimized ML hybrid was two times higher than
the commercial Mn-doped ZnS ML material (Figure S7),
and remarkably, the optimized hybrid exhibited a bright

emission with a vivid color under multiple mechanical
stimuli such as shaking, pricking, and grinding (Videos
S1–S3). The ML spectra of the optimized ML hybrids as a
function of the applied forces are depicted in Figure 1E,
according to which the hybrids could be illuminated at a
low force of 5 N, and the ML emission intensity increased
with increasing force. The response of ML to the applied
force was nonlinear, with two different slopes at different
force regions (Figure 1F), which can be attributed to the
combined ML mechanisms of triboluminescence and
piezoluminescence.

In fact, the ML mechanism remains elusive, and has
been phenomenologically or semiempirically attributed
to the piezo-phototronic effect, triboelectric effect, or dis-
location motion.3,31–35 The operational mechanism of ML
materials with piezoelectric hosts such as ZnS and
CaZnOS has been predominantly assigned to
piezoelectricity-induced carrier de-trapping. However,
the piezoelectric field generated within these materials by
the threshold pressure was found to be of the order of 103

V cm�1 and may not cause ML emission (Appendix
S1).36 A model based on a local piezoelectric field near
the dopant ions has been proposed, with a piezoelectric
filed of the order of 104 V cm�1 due to the higher piezo-
electric constant caused by the higher structural dissym-
metry near the dopant ions,37 enabling sufficient band
bending and sequential ML emission. In this study, we
propose that the triboelectric potential generated by the
friction between the ML materials and the encapsulation
layers or between the ML particles may also contribute to
the ML emission, considering the fact that the relative
displacement occurred between the ML materials and the
encapsulation layers during the measurement of the ML
intensity. In fact, Xu et al. have studied the tribolumines-
cence by rubbing the ML materials with the different fric-
tional rods, during which both the triboelectric voltage
and the ML intensity depended on the materials of the
frictional rods.31 They proposed that the tribolumines-
cence originated from the electroluminescence induced
by the triboelectric field. However, in our case, there is
no experimental evidence to support the occurrence of
electroluminescence under a triboelectric field, nor to the
related report of electroluminescence of the oxysulfides.38

Thus, the triboluminescence of the oxysulfides can be
attributed to the carrier de-trapping caused by the tribo-
electric potential, and a model can be formulated by sim-
ply replacing the piezoelectricity with the triboelectricity
in the piezoelectricity-induced carrier de-trapping model.
Moreover, the triboelectric voltage of two objects gener-
ally shows a nonlinear response to the applied force39,40

differing from the linear response of the piezoelectric
voltage to the force (Figure S8), accounting for the
nonlinear relationship between the ML intensity of our
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ML hybrids and the applied force. The proposed model is
also supported by the enhanced ML emission of a
sponge-like sample composed of the hybrid in compari-
son with that of a nonporous sample, as described in the
following section.

The chemical resistance of the ML materials to sol-
vents is highly desired for their application in translation
medicine and biology. The ML hybrids remained stable
when immersed in water and ethanol, with no apparent
deterioration of their crystal structure and ML perfor-
mance after immersion for 1 month, as indicated by the
XRD patterns and ML spectra (Figure 1G,H). The excel-
lent stability benefits from the intrinsic resistance of
oxysulfides to water and ethanol,41,42 as well as the inter-
face lattice strain between ZnS and CaZnOS,43 enriching
the application scopes of ML materials in various fields,
such as the photocatalytic water splitting and in vivo bio-
imaging. The ML hybrids also exhibited excellent
mechanical stability, featuring a slight attenuation of ML
intensity over 500 cycles of deformation (Figure 1I). The
attenuation probably originated from the loose contact of
ML particles with the force-applicator rather than from
the materials themselves, because repeated application of
stress led to the appearance of an indentation, as dis-
played in the insets of Figure 1I. The biphasic nature of
the ML hybrids enriches the availability of activators
cooperated into the host, ranging from transitional metal
ions to lanthanide ions.28 In this study, Mn, Pr, and Pb
are selected to obtain emissions of the three primary
colors emission, namely, red (R), green (G), and blue (B),
and the corresponding characterization data of the Pr- or
Pb-doped ML hybrids, including the XRD patterns, PL
excitation and emission spectra, and ML spectra, are pro-
vided in Figures S9, S10, and Video S4. The blue-emitting
ML hybrid exhibited an emission with the peak wave-
length of 420 nm at an optimized Pb doping concentra-
tion of 1 mol%. The versatile color regulation could also
be achieved by mixing the three ML materials emitting
each of the three primary colors, as presented in Fig-
ure 1J.

2.2 | Self-powered, visual sen-memory
of the pressure

The favorable attributes of the ML hybrids render them
promising for application in self-powered visual sensing
of the applied pressure, warranting the identification of
the intensity, distribution, and speed of the applied pres-
sure, with clear advantages such as nonintrusiveness,
high spatial resolution, in vivo detection, and wireless
readout, compared with their counterparts enabled by
the electrical principles (Figure S11 and Video S5).44–48

Despite the aforementioned advances, the sensor device
universally besets by the fleeting response to stimuli,
thereby requiring continuous physical presentation such
as a camera throughout the pressure course, thus impos-
ing a strict limit on the practical applications. Recently,
novel ML materials with the memory capabilities enabled
by reshuffling the trap occupations of the charge carriers
have been demonstrated, endowing the readout of the
force-induced light emission, as required.49,50 However,
the readout process is activated either by an infrared laser
or by high temperature, impairing their advancement. A
simple strategy is proposed here for achieving the self-
powdered visual sen-memory of the applied pressure by
the combination of the ML hybrid and the long-lasting
phosphor of SrAl2O4:Eu

2+, Dy3+, as illustrated in Figure
2A. The light emitted from the ML hybrid in response to
the applied force can excite the phosphorescence emis-
sion of SrAl2O4:Eu

2+, Dy3+, enabling the record of the
applied force over a duration of 1.5 min after the removal
of the force (Figures 2B–D and S12). The related sen-
memory mechanism is illustrated in Figure 2E, wherein
the photoionized electrons travel in the conduction band
(CB) and then are captured and stored in the trap levels.
The trapped electrons can be released again to CB upon
ML radiation and then supplied for the 4f65d1 to
4f7(8S7/2) transition of Eu2+ for realizing phosphores-
cence emission. Note that the applied force can also
cause the excitation of the trapped electrons in the shal-
low trap levels to contribute slightly to the phosphores-
cence of Eu2+, as indicated by Video S6, in which the
control sample is only composed of SrAl2O4:Eu

2+, Dy3+

and gives the inconspicuous phosphorescence emission
for a short time of a few seconds.

2.3 | Self-luminous sponge for
mechanical energy-to-light conversion of
human motions

Human motions are ubiquitous, and the active and effi-
cient conversion of human motions to other forms of
energy, such as light, offers a new possibility of energy-
saving. Generally, ML materials are blended with poly-
mer matrix (PDMS, Ecoflex, epoxy resin, etc.) and cast
into films, however, the limited flexibility and compress-
ibility of the films constraint the device performance and
impede their application in the conversion of human
motions to light energy. To address this issue, a porous
sponge was constructed with the flexible, compressible,
and self-luminous feature. The sponge was fabricated via
the blade-coating method, with the sugar particles as the
sacrificial template to create the porous structure (Figure
3A). The sugar was selected due to its low cost, ease of
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processing, and simple adjustment of pore size and poros-
ity. The sponge was highly flexible and compressive,
stemming from the porous structure, and yielded the
strong ML emission upon pressing with fingers (Figure
3B,C and Video S7). Moreover, the ML emission of the
sponge was much more obvious in comparison with the
nonporous ones, as shown in Video S8. The enhanced
ML emission of the sponge is attributed to the strong
interaction between PDMS and ML hybrids enabled by
the porous pores,51 and the additional friction between
the adjacent PDMS domains with the different
curvatures,52 leading to the improved
mechanosensitivity as well as the stronger tribolumi-
nescence. The ML performance of the sponge could be
further optimized by adjusting the porosity, deter-
mined by the weight ratio of ML hybrids to sugar.
Among the different samples, the sponge with an ML
hybrid:sugar ratio of 1:1 showed the optimal ML inten-
sity (Figure 3D,E). The initial increase of the ML inten-
sity originates from the sufficient friction of PDMS
domains with the increasing porosity, and the subse-
quent decrease of ML intensity is due to the decreasing
amount of the ML hybrids. The sponge also exhibited
good stability over 1000 compression cycles at a strain
of 50% (Figure 3F).

An array of the self-luminous sponge enabled the
visual localization and imaging of the strain distribution
owing to its flexibility and compressibility (Figure S13).

As shown in Figure 3G, the sponge array composed of
11 � 13 pixels was fabricated, endowing the parallel
readout of the strain applied to the device by a transpar-
ent stamp with the pattern of “SZU.” Most importantly,
the self-luminous sponge could be easily to be integrated
into the shoes for the wearable applications due to its
merits of lightweight, compressibility, and processability,
allowing the conversion of the human movement into
light emission and simultaneously eliminating the
requirement of batteries and electrical cables (Figure 3H
and Video S9). The self-luminous shoes could give
intense ML emission during each step of walking. This
feature not only enables the night-vision surveillance of
human activities such as running at night, but also facili-
tates the self-powered sensing and recognition of human
gait without having to sacrifice the artistry and com-
fortability of the shoes.

2.4 | Light generators for blue energy
harvesting

Ocean covers more than 70% of the earth's surface, and
the water wave energy is abundantly available without
any interruption, regardless the weather.53 Thus,
harvesting of this “blue energy” represents a promising
solution to the growing energy crisis. Commercial har-
vesters of blue energy such as hydropower turbines are

FIGURE 2 Visual sen-memory of the pressure. (A) Schematic of the device in conjunction of ML hybrids and phosphor embedded in

acrylic matrix for the visual sen-memory of the pressure. (B,C) The photographs and the corresponding intensity maps of the device during

the sen-memory process of the applied force. (D) The afterglow images of the device after the removal of the applied force. (E) Schematic

illustration of the sen-memory mechanism
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based on the electromagnetic generators, which are
large, heavy, expensive, and technically difficult to
operate. The emerging triboelectric nanogenerators
enabled by contact electrification and electrostatic
induction represent a tangible alternative to the com-
mercial harvesters, for example, the wave energy is
harvested by the triboelectric mechanism and then

converted to light emission by driving the light-
emitting diodes.54 However, triboelectric nano-
generators are still in their infancy, and the arrange-
ment of electrical cables and the risk of electric leakage
in water circumstance should also be considered.39,55,56

Here, a novel light generator based on the ML mecha-
nism is demonstrated, enabling the direct conversion

FIGURE 3 Self-luminous sponge. (A) The schematic fabrication of the flexible and compressible sponge with the self-luminous feature.

(B) The photos of the self-luminous sponge, yielding the strong ML emission upon pressing by fingers. (C) The optical microscope images of

the porous structure within the sponge. (D,E) The ML spectra and the integral ML intensities of the sponges with the different porosities

determined by the ML material to sugar weight ratio at a strain of 50%. (F) The durability test of the self-luminous sponge over 1000

compression cycles at a strain of 50%. (G) A sponge array composed of 11 by 13 pixels for the visual localization and imaging of the strain

distribution. (H) The self-luminous shoes for the conversion of human movement into light emission, enabling the self-powered night-vision

surveillance of human activities such as running at night
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of blue energy into intense light emission without any
electrical elements.

To fabricate the light generator, ML beads with a
core–shell structure were first designed and produced
via an in situ growth strategy (see Section 4 for
details). The ML beads are composed of a ZrO2 core
surrounded by a shell layer of ML hybrid, as illustrated
in Figure 4A, in which the shell layer is textured and
densely grown on the ZrO2 core, as indicated by their
SEM images and EDS profiles (Figure 4B,C). The
diameter of the ML hybrid@ZrO2 core–shell beads
could be easily tuned from 0.4 to 6 mm by adjusting
the size of the ZrO2 template, and all the prepared
beads could generate intense ML upon shaking, as
shown in Figure 4D. Furthermore, the ML
hybrid@ZrO2 core–shell beads exhibited exceptional
mechanical stability. As shown in Figure 4E, the ML

intensity of the beads, observed by naked eyes, did not
attenuate noticeably after milling for 60 min at a speed
of 450 r/min (27 000 cycles). The outstanding stability
of the beads promises their long-term application in
light generators.

The proposed light generator is schematically shown
in Figure 5A, where the independent spherical light gen-
erators were connected to form a network that could float
on the ocean surface. Such a spherical light generator is
composed of a large number of the ML hybrid@ZrO2 core–
shell beads enclosed in a transparent acrylic container (Fig-
ure 5B), where the collisions among the ML hybrid@ZrO2

core–shell beads dominate the ML emission. The light gen-
erator could emit the strong ML upon mechanical stimuli,
and the emission color could be adjusted by changing the
shell layer of ML hybrids (Figure 5C and Videos S10–S12).
The significant brightness of the light generator can be

FIGURE 4 ML hybrid@ZrO2 core–shell beads. (A) The schematic of the ML beads is composed of the ZrO2 core and the shell layer of

ML hybrid. (B,C) SEM images and EDS spectra of the ML hybrid@ZrO2 core–shell beads, indicating the shell layer of the textured ML

hybrid is tightly grown on the ZrO2 core. (D) Optical images of the ML hybrid@ZrO2 core–shell beads with the different diameters and their

emission images upon shaking. (E) Photographs of the setup for the stability test of the ML hybrid@ZrO2 core–shell beads, the ML intensity

of the beads observed by naked eyes do not show any obvious attenuation after milling for 60 min at a speed of 450 r/min (27 000 cycles)
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attributed to the novel design of the ML hybrid@ZrO2

beads with a core–shell structure, enabling the direct and
efficient collision of the ML hybrids. This differs from the

typical method of embedding the ML materials in a poly-
mer matrix, which results in severe dissipation of the
mechanical energy. Meanwhile, the ZrO2 with a Young's

FIGURE 5 Light generators for blue energy harvesting. (A) Illustration of the light generators for the harvesting of blue energy. (B) The

photograph of the independent spherical light generator, which is composed of a transparent acrylic shell and a heap of ML hybrid@ZrO2

core–shell beads. (C) The spherical light generator can emit the strong ML upon shaking, and the emission color can be adjusted by

changing the shell layer of ML hybrids. (D) Photograph of a representative light generator network consisting of 5 by 5 units. (E) The

screenshot images of the light generator network driven by the water wave energy, exhibiting the dynamic formation and the bright light

emission. (F) The schematic of the light generator network with the designed arrange. (G) The patterned display of the light generator

network driven by water wave energy
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modulus of 545.12 GPa has the greatest stiffness, guarantee-
ing the concentration of stress onto ML hybrids.

Figure 5D shows the photograph of a representative
light generator network consisting of 5 � 5 units, which
is able to float on the water surface owing to the buoyant
force. When driven by the water wave, the light generator
network exhibits the dynamic formation and affords the
bright light emission (Figure 5E and Video S13). Further-
more, a desired light-emitting pattern can be obtained
with an appropriate distribution of the light generator in
the network, enabling a customized display. Thus, signifi-
cant applications can be realized in rescue, warning, and
survival in wilderness (Figure 5F,G). In addition, the
light generator is expected to be a ubiquitous light source,
with a series of potential applications such as in water
splitting, photocatalysis, and optical communication.

3 | CONCLUSIONS

In summary, we developed a simple method to convert
the waste eggshells into high-performance ML hybrids.
The ML hybrids can respond to a force as small as 5 N
and exhibit an intense ML intensity that is two times
higher than that of the commercial ZnS ML material.
The ML hybrids are chemically stable, and the ML color
can be regulated by changing the enriched activators. A
self-powdered sen-memory panel was demonstrated by
combining the ML hybrid with a phosphor, endowing
the visual sensing and recording of the applied pressure
over an extended duration of 1.5 min. A self-luminous
sponge with the designed porous structure has been
developed, enabling the self-luminous shoes for the con-
version of human motions into light emission. Most
importantly, a novel way of harvesting the blue energy
using the developed light generator was also presented,
holding great promise in emerging applications such as
self-sustainable display, ubiquitous light source, water
splitting, and photocatalysis. This work turns waste into
treasure, inspiring the research dedication to waste
recycling and utilization in burgeoning areas.

4 | MATERIALS AND METHODS

4.1 | Materials

The waste eggshells are collected from the local market. ZnS
(99.99% metals basis, 3.3–4.3 μm, Aladdin), MnCO3 (≥99.9%
trace metals basis, Sigma Aldrich), Pr(NO3)3�6H2O (99.99%,
Sinopharm Group Co. Ltd.), Gd(NO3)3�6H2O (99.99%, Sin-
opharm Group Co. Ltd.), LiF (≥99.99% trace metals basis,
Sigma-Aldrich), PbCl2 (99.999%, metals basis, Alfa Aesar).

4.2 | Preparation of the eggshell powder

The eggshell powders were prepared by modifying a precious
reported method.57 The eggshells were ultrasonically cleaned
in water for several times and the inner membranes can be
partly removed by hand during the cleaning process. The
cleaned eggshells were transferred to the ball mill with water
and then mechanically crushed for 6 h. The water and inner
membranes were removed by a manual precipitation process,
which left a slurry mixture. The slurry mixture was dried in
oven at a temperature of 105�C for overnight, and then was
sieved through the 54 μm strainer. The residual inner mem-
branes were further removed by heating the powders to a
temperature of 300�C for a period of 2 h, and the products
were milled again and sieved through the 20 μm strainer.

4.3 | Synthesis of the ML hybrids

Using the Mn-doped ML hybrids as a modal. The egg-
shell powder in conjunction with the ZnS powder and
the MnCO3 powder were mixed with a certain ratio of
molar, for example, the Ca:Zn:Mn = 1:2:1 refers to the
molar ratio of the CaCO3 to ZnS to MnCO3, where the
content of CaCO3 in the eggshell powder is estimated to
be 90% by weight. The mixture was ground in the agate
mortar with the assistance of the absolute ethyl alcohol
for a few times, followed by a desiccation at 80�C for 4 h
in oven and at a calcination at 1100�C for 4–6 h in the
furnace under 80 sccm argon. The products were
obtained after the furnace was naturally cooled to the
room temperature, and then ground into the fine powder
for use. The similar process was applied to the Pr- or Pb-
doped ML hybrids, especially, the LiF and the
Gd(NO3)3�6H2O were used to promote the doping and
improve the ML performance of the Pr-doped ML hybrids.

4.4 | Characterizations of the ML
hybrids

The morphology and composition of the ML hybrids
were characterized by a field-emission scanning electron
microscope (SEM, FEI Nova NanoSEM 450) equipped
with an EDAX. The XRD patterns were acquired using
an x-ray diffractometer (PANalytical X'Pert 3 Powder)
with a Cu Kα radiation source. The fluorescence micro-
scope images were obtained by a Nikon Eclipse Ti-U
inverted microscope equipped with a Nikon Digital Sight
DS-Fi2 camera. The photoluminescence (PL) spectra and
transient decay curves were obtained using an Edinburgh
FLS1000 spectrometer. The x-ray photoelectron spectrum
was recorded on the AULVAC-PHI Phi5000 VersaProbe III
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XPS (Chigasaki, Japan, ULVAC-PHI). The ML perfor-
mances were characterized by a home-made measurement
apparatus consisting of the linear motor, dynamometer,
and fiber optic spectrometer, where the samples were the
ML hybrids sealed between two squared polyethylene glycol
terephthalate sheets (3.5 cm � 3.5 cm).

4.5 | Fabrication and characterizations
of the visual sen-memory panel

For the device of visual sensing of the pressure distribution,
the ML hybrids are manually mixed with the acrylic part A
at a weight ratio of 3:1 (ML to part A) for 5 min, and then
the acrylic part B is added to the mixture with a weight ratio
to ML of 2:3, and then continue to mix for 5 min. The mix-
ture is transferred to the silicone mold and cure at room tem-
perature for overnight. For the device of visual sen-memory
of the pressure distribution, the ML hybrids, phosphor, and
acrylic part A are mixed for 5 min at a weight ratio of 3:3:2,
and then the acrylic part B is added to the mixture with a
weight ratio to ML of 2:3, and then continue to mix for 5
min. The mixture is transferred to the silicone mold and cure
at room temperature for overnight. The ML emission photos
are taken by a camera (Canon EOS 5D, f 4.5, expose time is
5 s), and the ML videos are taken by a mobile phone
(HUAWEI P30).

4.6 | Fabrication and characterizations
of the ML sponge

The sponge is fabricated via the blade coating method with
the sugar particles as the sacrificing template to make the
porous structure, as illustrated in Figure 4A. In detail, the
ML hybrids, sugar particles with the grain size of 300–
500 μm and the PDMS matrix with a designed weight ratio
are poured into the plastic beaker and uniformly mixed.
The mixture is transfer the acrylic mold with a certain
thickness and then pressed into the tightly stacked film,
and the redundant mixture is removed using the blade.
The film is cured at 60�C for 24 h in the oven, and then is
demolded and put in the beaker with water for the ultra-
sonic bath to completely dissolve the sugar particles. The
size, shape, and thickness of the sponge can be adjusted by
designing the mold, and the porosity of the sponge can be
adjusted by changing the weight ratio of the ML hybrids
to sugar particles. The ML performances were character-
ized by a home-made measurement apparatus consisting
of the linear motor, dynamometer, and fiber optic spec-
trometer. The ML emission photos are taken by a camera
(Canon EOS 5D, f 4.5, expose time is 2 s), and the ML
videos are taken by a mobile phone (HUAWEI P30).

4.7 | Preparation and applications of the
ML hybrid@ZrO2 core–shell beads

The ML hybrid@ZrO2 core–shell beads are prepared by
the high temperature solid state reaction similar to the
synthesis of the ML hybrids. The ZrO2 beads are ultra-
sonically clean with acetone, isopropanol, deionized
water, and dry at 100�C for 1 h in the oven. The cleaned
ZrO2 beads are dropped into the grounded raw materials
that are used to prepare the ML hybrids, and go through
the program as same as the high temperature synthesis of
the ML hybrids. The products are milled for certain times
and then sieved out the ML powder to obtain the ML
hybrid@ZrO2 core–shell beads. The ML hybrid@ZrO2

core–shell beads are transferred to the transparent acrylic
ball, and then seal the acrylic ball by the acrylic precursor
to obtain the spherical light generator. The light genera-
tor network is formed by connecting the independent
spherical light generator using fish wires. The water wave
is generated by a commercial water pump. The ML
videos are taken by a mobile phone (HUAWEI P30).
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